The kinetics of reaction between cyclic monoimides (succinimide, phtalimide, and glutarimide) with ethylene and propylene oxides in presence of sodium hydroxide was studied. The effect of substrate and catalyst concentrations on the course of the reaction was investigated. Kinetics of reaction was studied by dilatometry, i.e. by measuring volume contraction of reaction mixture. The kinetic law describing the reaction of imides with oxiranes is:
Introduction
Cyclic imides (I) like succinimide (SI, R = (-CH 2 -) 2 (-CH 2 -) 3 ), or phtalimide (PI, R = Ph) have characteristic O=C-NH-C=O group in which hydrogen is weakly acidic. Due to weakly acidic hydrogen they are able to react with oxiranes like ethylene oxide (EO) or propylene oxide (PO) to give N-(hydroxyalkyl)imides (II) according to the scheme below:
where:
R' = -H, -CH 3 (1)
Hydroxyalkylation of cyclic monoimides has been exploited mostly for syntheses [1] [2] [3] [4] . Knowledge on the kinetics and mechanism of the reaction is limited to two publications [5] [6] . On the other hand the kinetics and mechanism of reaction of oxiranes with compounds containing acidic groups like alcohols, thiols, carboxylic acids, amides are well recognized [2] [7]- [13] . Reaction analysis of cyclic monoimides with oxiranes is important because oligoeterols obtained by hydroxylation of multifunctional cyclic imides like isocyanuric, uric, parabanic and barbituric acid are useful substrates to obtain polymers of good thermal resistance, especially widely used polyurethane foams (PUFs) [14] .
Encountered multifunctional cyclic imides are not suitable for monitoring the kinetics of reaction with oxiranes due to their low solubility in contrary to cyclic monoimides [5] [6] . The kinetics and mechanism of reaction between oxiranes (EO and PO) with SI, PI, and GI in presence of triethylamine (TEA) was studied in details and general rate low was found as [5] :
where c k , c AH and c B are concentrations of catalyst, imide, and oxirane, respectively.
It has been found that the reactions have consecutive-parallel character. The obtained product: N-(hydroxyalkyl)imide (II) is further engaged in oxirane. This leads to presence of consecutive reaction product with 5 -10 mol%. Based on determined rate constants the reactivity of imides and oxiranes can be put in the following rows: PI ≥ SI > GI and EO > PO, respectively. The values of the Gibbs activation energy were determined in function of temperature and the possible mechanism of reaction was proposed. It has been concluded the consecutive reactions i.e. the reaction of N-(hydroxyalkyl)imides with oxiranes follow different mechanism than reaction of imide with oxirane. The oxirane-related order of consecutive reaction is 1 in comparison with ½ for reaction of imide with oxirane [5] [6] . In order to further understand the mechanism of these processes we have undertaken detailed study on kinetics of reaction between cyclic imides and oxiranes in presence of sodium hydroxide catalyst. 
Kinetic Measurements
Weighed sample of imide was placed in 50 cm 3 volumetric flask and dissolved in ca 30 cm 3 DMSO. After dissolving of imide and NaOH as catalyst the temperature of the solution was raised to 25˚C, 30˚C, 35˚C, 40˚C, 45˚C or 50˚C (±0.05˚C). Oxiranes (EO or PO) as liquids stored in refrigerator were transferred into the flask, the volume was adjusted with DMSO and then the flask was immediately closed to avoid evaporation of boiling oxirane and weighed. The concentration of oxirane was calculated based on mass of substrates used. The solutions prepared in that way were then rapidly transferred into thermostated dilatometer.
The influence of catalyst concentration on the rate of reaction was studied at constant concentration of imide and EO (1.0 mol/dm for the reaction with EO and 35˚C ÷ 50˚C for the reaction with PO with 5˚C intervals. The temperature range for kinetic measurements is limited from lower side by long reaction time (2 weeks for EO to 1.5 months for PO), which precludes the good accuracy of measurement, and from the higher side by boiling of oxiranes in reaction mixture (above 40˚C for EO and 50˚C for PO).
Kinetics of reaction was studied by dilatometry, i.e. by measuring volume contraction of reaction mixture, as it was described before [5] . Relative concentration of oxirane (b) was defined as
where: c 0B , c B -corresponding to initial and instantaneous concentrations of oxirane, mol/dm 3 . In order to establish the rate low, the substitution method was applied. The values of relative concentration of oxirane, c B obtained for 0.2 -0.8 region with 0.05 step and reaction time were put into the kinetic law equations of various orders. Considering the system with EO as standard, the relative reactivity of PO (r PO ) was used as the ratio of the rate constants at the same temperature:
where: k PO , k EO -rate constants for PO and EO, respectively.
Relative reactivity of imides was analyzed in analogous manner using succinimide as standard.
The activation energy (ΔG ≠ ) was calculated from [15] :
where: R-
By plotting ΔG ≠ versus T a straight line was obtained with activation enthalpy (ΔH ≠ ) and entropy (ΔS ≠ ) of the reaction as the coefficients of the line [15] :
Product Analysis
The products of reactions were isolated after full kinetic run. The DMSO was distilled off under reduced pressure and N-(hydroxyalkyl)imides were isolated as solids, which were recrystallized from ethanol or benzene. Pure products were characterized by melting point, and by the IR spectra (ALPHA FT-IR BRUKER spectrometer). The yield was estimated based on chromatographic analysis (LC chromatograph KB 5901, prod. COBRABID, Poland), as described in [5] .
Conductometric Measurements
Conductometric measurements were performed for solutions of imides, sodium hydroxide and mixture of them in DMSO in thermostated 20 cm 3 cell at 20˚C (±0.1).
Results and Discussion

Kinetics
The rate law for the reaction of SI with EO was obtained by substituting the instantaneous values of relative oxirane concentration, b (Equation (3)) and reaction time into kinetic equations of various orders (Table 1) . It has been found that reaction of SI with EO obey 3/2 order rate low (Table 1) .
The reaction depends on catalyst concentration. The relationship between rate constant derived from Equation (7) and catalyst concentration was:
When plotting lgk 3/2 = f (gc cat ) the n ≈ 0.5 was obtained ( Figure 1 ). In order to determine power coefficient for oxirane concentration and imide concentration Open Journal of Physical Chemistry Table 2 ). This results in the following equation:
According to kinetic data kinetic order for imide groups was p ≈ 0.5 ( Figure   2 ). Thus the kinetic law describing the reaction of SI with EO is: Open Journal of Physical Chemistry V kc c c =
Other imides (PI, GI) react with EO and PO according to the same rate law (Table 3) .
Reactivity of Monoimides and Oxiranes
Electronic inductive effect is mostly responsible for reactivity of oxiranes as it was already discussed in [5] : Open Journal of Physical Chemistry Higher reactivity of EO than PO was expected, because electrophilicity of C-1 in PO is weakened due to electrodonation from methyl group. Experimental rate constants for reactions of EO and PO with SI and PI are 2.1-2.6 times higher for EO than for PO ( Table 3 ). The reactivity of SI and PS with oxiranes is almost the same, while GI is more reactive (Table 4) . We tentatively attributed this to difficult stabilization of glutarimide anion due to its out-of-plane distortion in comparison with planar other imide anions. Determined rate constants of reactions between oxiranes and imides enabled us to establish the following order of reactivity for imides and oxiranes, which was the same as for analogous reactions catalyzed by triethylamine [5] :
GI > PI ≥ SI and EO > PO (11)
Gibbs activation energy (ΔG ≠ ) for these reactions was determined in function of temperature. The plots ΔG ≠ = f (T) are linear ( Figure 3 ) which means that the same mechanism was ruling the kinetics within the studied temperature range. Averaged activation enthalpy, entropy and Gibbs energy, determined using Eyring formula, are collected in Figure 4 . The relationship is isokinetic, which indicates that all the reaction within the series obey the same mechanism [15] .
Kinetic Evidences for Proposed Mechanism
Based on experimentally derived kinetic law (10) 
− reaction of imide anion with oxirane with formation of alcoholate (AB − ):
− neutralization of alcoholate with recovery of catalytic anion:
The acronyms under formula in Schemes 13 -15 will be then used in kinetic equations of elementary reactions.
I assume that:
1) Dissociation of NaOH is fast reaction (12);
2) Reaction of hydroxyl group with imide is also fast hydrogen cation transfer (13);
3) Rate limiting of the whole process is attack of imide anion on oxirane (14); 4) Neutralization of alcoholate is also fast reaction (15), the oxirane consumption is equal to imide anion consumption, i.e.:
The concentration of 
and further Open Journal of Physical Chemistry 
Introducing (22) to Equation (16) one can obtain:
Assuming that:
and substituting (25) to (24) gives:
The Equation (26) can be simplified into:
Derived Equation (27) is in accordance with experimental one (10) indicating that propsed mechanism is kinetically proper. The compatibility of derived and experimental equations occurs provided a dissociation of NaOH in DMSO is irreversible, i.e. k -1 = 0. If only partial dissociation of NaOH is taken into accout, the following relationship can be derived:
which is not in accordance with the experimental one.
Non-Kinetic Evidences on Proposed Mechanism
In order to verify the proposed mechanism and the adopted assumption we have experimentally studied: − the equilibrium between imide and sodium hydroxide in DMSO (13); − the consecutive products in studied systems.
The equilibrium between reagents in imide-sodium hydroxide system was studied by straightforward measurements of conductance of 1-molar solution of SI and PI imides in DMSO, separately for 0.05 mol/dm 3 NaOH solution in DMSO. The solubility of NaOH in neat DMSO limited using concentration of Open Journal of Physical Chemistry NaOH for conductivity measurement in contrary to its solubility in DMSO in presence of imides, with which it reacts (13) . In kinetic experiments the NaOH solubility was as high as 0.2 mol/dm 3 . Then conductivity measurement was performed for mixture of 1.00 M imide and 0.05 M sodium hydroxide in DMSO (Table 6 ). The conductivity of NaOH in DMSO is much higher than conductance of nest DMSO, while the conductivity of imide solution in DMSO is only slightly higher than that of the solvent. Finally, the conductivity of mixture of imide and NaOH solution is considerably higher than additive conductance of component solutions. This may indicate a partial dissociation of sodium imidates in DMSO in presence of water formed upon reaction (13) . Further evidences on equilibrium (13) were provided by H-NMR spectroscopy ( Figure 5 ). The imide proton resonance of succinimide at 11 ppm ( Figure 5(a) ) disappeared upon addition of sodium hydroxide into the solution of SI in DMSO-d 6 ( Figure 5(b) ). Also the residual water resonance at 3.3 ppm in the spectrum of SI shifted downfield to 4.2 ppm and its intensity increased considerably due to water released in reaction (13) . At the same time methylene proton resonance (2.5 ppm) was shifted up field (up to 2.2 ppm) as could be expected for succinimidate anion. Similar behavior was observed for PI-NaOH solution in DMSO-d 6 . We have analyzed the products of reaction mixtures used for kinetic measurements by chromatography. We have found that post-reaction mixtures contained 98% -99% pure N-(hydroxyalkyl)imides. No unreacted imides were detected in contrary to earlier analogous mixtures in presence of triethylamine catalyst [5] . After recrystallization of products the IR spectra and melting temperatures were compared with the products isolated earlier [4] confirming the identity of products isolated hereof.
Heating of solution of N-(2-hydroxyalkyl)imide in DMSO in presence of oxirane and NaOH catalyst at 40˚C for 48 hours did not result in further contraction of volume of the mixture, again suggesting that no further reaction of N-(2-hydroxyalkyl)imide with oxirane took place. Thus the reaction system applied here can be exploited as synthetic route to obtain N-(2-hydroxyalkyl)imides with high yield not only for monoimides but also for multifunctional imides of mentioned earlier isocyanuric, barbituric, and uric acids.
Summary and Conclusions
1) Monocyclic imides react with oxiranes in presence of sodium hydroxide to form corresponding N-(2-hydroxyalkyl)imides. No consecutive reactions of N-(2-hydroxyalkyl)imides with oxiranes take place in contrary to the analogous system with triethylamine.
2) Kinetics of reaction between cyclic imides and oxiranes can be described by following rate law: 3) The reaction mechanism was proposed based upon experimentally determined rate law for the reaction of cyclic monoimides and oxiranes as well as analytical and instrumental analysis of products. All the studied reactions obey the same mechanism as can be concluded from isokinetic relationship of studied systems.
4) The elementary reaction between oxirane and imide anion is rate determining step. The imide anion is formed by hydrogen cation transfer into catalytic hydroxide anion from dissociated NaOH.
